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1. IN&VCXKviewed by' the satellite. Bunting and Conover
(1974) extended the ura of VTPR radiances to

1.1 cbJectiwes estimate both cloud altitude and transuissivity.
Results of applicatifn of this model to field

Exposd waterials on high speed vehi- measurements of cirriform and other clouds are
cia. such as supersonic aircraft &nd rtckets can presented in Section 3.
be substantially ercded by the water or ice par-
ticle of clouds. Engineering tests of various or-,eticu1 studies have simulated
materials suggest that th6 mains density of the radi.cative properties of clouds. Extensive
hydromsteora is the most significant metsoro- calculat:ions. have been made for many spectral
logiral perameter related to eooion. Cloud altas regions, primarily using Kim theory to celculate
d.nsity hWel'er is not masured routinely, and ucattertng, absorption, and emission !or spheri-
it is difficult to model the rafiative proper- cal cloid particles. Suimmriss of results are
ties observed by satellites for ice particisa available CDtrmendjian, 1969), (Mosher, 1974),
with varying shap*, size and number concentration. and the form o! these results is inst.s-uctive.
Therefore, radiation data from satellites have For instance, c.ilculations for ZR sllow that
been compared to simcultaneous cloud waasur.nts vater clouds are *i fective absorbers of infrared
by aircraft umderflights. A variety of cloud radiation while thu'% U~rrus clouds are semitran.-
con~ditions including nimbostratus, stratocumulus parent. Calculationo' in the visible by Twomey,
and cirrus have been aampled over aid-latitudes Ja.,obc'sitz, and Howel. (1967) and others show
of the USA during winter and spring months an*J that cloud reflectance increase3 with increasing
analyzed with the infrared (ZR) and visible mea- cloud depth approaching an asymptotic limit at
suremnts from NWA satellites. Radiance. at less t~han 100 Vercent reflectance. In addition,
12-.15 pam measuLred by Vertical Temperatures Pro- satel Lit#% measurements of rellected sunlight have
file Radiometer (VTPR) instruments are combined been related to observed cloud thickness by
with k~nown temperature profiles in order to Reyncids and Vonder JHiar (1973), Griffith and
estimate cloud altitude and infrared (ZR) trans- Wood;.ey (1973), and others, and they conclude
missivit/. broadband visible Ad ZR window me&- that the thickest clouds appear the brightest.
sarements taken by the Scanning Radiometers on
board the samw satellites are *Ppirically related Although Calculations of sunlight
to total cloud thickness and mass. -;cat~tered by clouds suggest the goneral form of

relittionships between cloud mess and thickness
1.2 Related Studies and roflectivity in the visible, direct observe-

ticnn wets necessary due to serious limitations in
Satellite measurements of radiance tht calculationa. Scattering models generally

at 8 to 12 pam are frequently used to estimate uali a uniform distribution of cloud particles
cloud altitude. The measured radiance. are con- throughout the cloud, and vary the thickness of
verted to the temperatures of a biarkbody, tie cloud. This assumption is probably reasonable
weighted over the spectral interval oZ the sen- for thin c'-%udj such as stratocumulus or cirro-
sor, and along with a temperature a~titude role- saratur, but is net consistcjnt with cloud par-
tion, used to estimate cloud altitude. The tidle asurements in detip, precipitating' clouds.
altitudes are often underestimated when satellites Mrose same models also assume Lnat all particles
view cirriform clouds. Both theory and experi- hiave a simple shape, spherical or cylindrical
mont have shown that cixriform clouds may be (Liou, 1972). This assumption is probably valid
semitransparent to terrestrial radiation, for scoie thin clouds, but is incorrect for deep

*Jacobowitt (1970) found that measurements of clouds which may contain ice frtgments, aggregates,
upwelling radiation in the 15 jim band of C02  graupel, rimsd particles, dendrites or other
could be used to u.stimate the optical depth of irregularly shaped particles. These uncertainties

*cirriform clouds, provided that the vertical of shape make it difficult to calculate phase
profile of atmospheric temperature was known and functions for s.'.ngle scattering, leaving aside
that cirriform cloudro were the only clouds the enormous additional complications of multiple
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scattering. Near cloud edges, consideration 2.2 Aircraft Data
must be given to scattering out the sides of Zhe
cloud (McKee and Corx, 1975). The scattering A series of simultaneous measure-
models mut also account for a small amount of ments of clouds by satellites and aircraft began
absorption of visible light by cloud particles in Janury 1974. At the approximate time of the
and gass, and the reficting properties of the satellite pass, an aircraft equipped with cloudandgsesyind ur e reflectinc erte oste physics instrumentation descended from 10 kmunderlying surface must be included. The most altitude in a spiral of amter 35 km t a des-
serious difficulty in a theoretical approach is cent rate of 0.3 km min4 (1000 ft min-A) to 0.3
the need to guess at the particle size dilstri- kx or as low as air traffic control would permit.
bution of the cloud and consi3er major varia- A variety of probes was availble, including a
tions with altitude. "snow stick" for visual ientification of crystal

habit anl miz, 3-W liquid water sensor, con-
2. OBSERVATIONS tinuout forxvar replicator, cloud scene cameras,

and Particle Neasuring System l-D spectreters.
2.1 Satellite Data A flight director obr-ved the altitudes of cloud

tops and bases, estimated cloud tops when clouds
The satellite instrumnts usee in were above the maximum ceiling of the aircraft,

this study are the Vertical Temperature Profile estimated the fractional coverage of cloud layers,
Radiometers (VTPR) and Scanning Radiometerj (SR) noted optical effects such as halos, and des-
on board the NORA ITOS series of satellites. cribed particles intercepted by the snow stick.

Supporting data included raingauge records, radar

The VTPR instruments measure PPI scope photographs, GOS satellite imagerr,
radiance for narrow spectral interw.ka in the and temperaturs from nearby radiosondes. The
12-15 ps absorption bend of 002 TAe VTPR aircraft information was used to estimate cloud
radiinces of bands 4, 5, 6, and 8 are used here. mass as a function of altitude averaged over a
Spctral characteristics of these bands are horizontal are% of about 70x70 km. 21e horizon-
given in Table 1. The horizontal resolution of tal area for cloud mass estimite was matched to

TPR measurements is about 7070 km at the a set of VTPR i. asuremente.
satellite subpoint. The instrument is described
in more detail by Ic~illin at al (1973). The problem of matching the satellite

and aircraft measurements is cooaun ed by the
Table 1 fact that the satellite measurements are sensitive

to clouds at all altitudes, but are recorded over
Characteristics of typical VWPR bands a large horizontal scale in only 10 seconds or

less. If the aircraft loiters at me altitude
Band Number 4 5 6 a to got a better estimate of cloud mass, clouds
Wavenumber (cfti) 706.7 723.6 746.7 833.7 at a lever altitude may advect or change before
Wavelength (us? 14.1 13.9 13.4 12.0 the aircraft descends to sample then. The
Peak of Typical sounding schedule was therefore a compromise so
Weighting Function that a sounding could be completed in about 30

469 623 934 SC minutes. In som instances cloud layers were.... . 4sampled for periods shorter than optimum. In
all cases, the highest clouds were sampled

The SR instruments are broadband closest to the satellite pass time. Du to the
sensors which simultaneously detect both visible requirceent for rapid samling and the fact that
(.5 io .7 tim) and ZR windo (10 to 12 aircraft instruments occasionally mafunctioned,
radiation. Since the NOAA spacecraft are sun- cloud sass profiles were not determined strictly
synchronous polar-orbiting satellites, simul- from particle counts on instruxents. All data,
taneous ZR and vis ble measurements are available including surface radar and rainfall data, were
once per day at 0900 to 1000 local tim for id- carefully integrated to generate a profile that
latitudes in the Northern Hemisphere. Details was considrred the best possible estimate over
of the scanning radiometer data archive have the entire 7070 km square at the time of
been described by Conlan (1973) and by Bunting satellite observation.
and Conover (1976 a). Horizontal resolution of
the archived SR data is about lOxlO km for both 3. RULTS
visible and IR.

3.1 Cloud Altitude and Transamisivity
The archives of visible data are from IR Sounder Radiances

normalized for solar zenith angle. However,
inconsistencies 14 brightness are often noted at A method of estimating cloud altitude
the swath edges between satellite passes. An ana transaissivity from ZR sounder radiances has
attempt was made to reduce these irregularities boen described by Bunting and Conover (1974).
by implementing the bi-4irectional reflectance The ordinary application of the sounder is an
model of Sikula and Vonder Haar (1972). Further inversion of the radiances for clear or partly
details of the application are described in a cloudy areas to estimate the vertical temperature
technical report (Dun*.lng and Conover, 1976 a). profile. However, cloud altitude and trans-
0bg)rvations in the IR array are less sensitive missivity can be estimated from these c bserved
to viewing geometry and have not been normalized. radiances if the temperature profile is known.
The archive for TR includes a small uorrection For a particular sounder channel. the radiance, I,
for limb darkening due to water vapor absorption, observed by the satellite can be estimated from,
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B N FOUR BAND OVERLAP

I (BsiA + f C I. dT) t- , , I I I I "
11 NO ISOLATED CIRRUS

+ (3C-A) (1-T.) + fB d0 CIRRUS ALONE OR ABOVE LOW CLOtx"
+ C  Ad 0- CIRUS AOVE MIO CLOW •

where B is the Planck radiance (a function of 9 .
temperature 3nd wavenumber), S stands for sur-face, C for cloud, A for air. TA is the trane- 8

missivity of air between a pressure level and
the satellite (a function of wavenumber), and 7 -

TC is the cloud transmissivity.

For cases when clouds were viewed
by VTPR instruments TA was calculated at 40
levels from the surface to 200 ab. Equation (1) 4
was api.lied to the four bands listed in Table 1
for 39 cloud altitudes ind ten cloud trans.- 3-
missivities between 0.0 and 0.9. The calculated
radiances were compared with the zatellite 2
observed radiances allowing for an uncertainty
of + 2.0 WNW-2sr- ca, which is about 2 to 5%
of the radiance. Nodet clouds were sought I ! .
which satisfied all four spectral regions. If 0 2 3 4 5 6 7 5 9 lO II 12
none were found within the limits of + 2.0, the OBSERVED CLOUD 7OP (kit)
limits were increased to + 3.0, + 4.0, etc. If
the permitted model clouds varied in trans-
missivity, the clouds with the lowest trans- FZwteL 1. Ob6eAved "toud top& eo pa, to top6
missivity were chosen. If no clouds were found e 0timted by eAt ovetap oj jru VTPR
with transaissivities of 0.1 or 0.0, an uncer- budA on NO A AaWWt.
tainty of + 1.0 was attempted. This procedure
was established by trial and error and found to altitude for cases with no isolated cirrus are
give good estimates of cloud altitudes for cirrus quite good Fr both the four-band and the one-
clouds without overestimating the altitudes of band models. These clouds have transaisivities
lower clouds, close to 3. The four-band overlap model provider

an estimate of cloud transmissivity as well as
A comparison of observed cloud top altitude. Estimates of cloud transmissivity can

altitudes to altitudes predicted by the 4 band be sumtarized as follws: (a) all esttmates of
overlap is given in Figure 1. Observations transmissivity for 21 "no isolated cirrus" cases
match the predictions for both high and low
cloud tops, with the exception of some cases of
cirrus above middle cloud. Cases of low -lcuds, ONE BAND IR WINDOW
middle clouds and thick cloud systems without
isolated cirrus, as sll as cases of cirrus
alone or above low cloid, were adequately pro- I * NO ISO.ATED CIRRUS
dicted by the four band overlap model. The 5 CIRRUS ALONE OR ABOVE LOW CLOUD
apparent underestimate of cloud tops for some 1 0 CIRRUS ABOVE MIDOLE CLOUD W
cases with cirrus above middle clouds is a
limitation of the application of a one-layer 9 4

cloud model to multilayer situations. The dif- "
fertnce between the grounG radiance, which S
appears in Equation (1), and the radiance of the *
middle level cloud, which does not, is great
enough so that thin layers of cirrus above mid-
dle level clouds can go undetected. For these 41-

cases, the satellite cloud top is a good esti- 5
mate of the middle leve, clouds.

In Figure (2), cloud tops for band 4
8 alone (12.0 Jim) are compared with aircraft 3•
observations. The clouds are assumed to have
a transmissivity of 0.0. In Figure (2), when 2

observed tops are high, the window xeasurG rent
often underestimates them by & substantial 5

altitude. The four-band estimates of altitude n I I i I t i I ! i I
for cirws alone or ubove low cloud in Fig. 1 0 I 2 3 4 5 6 7 1 9 10 II 12
are far superior to the corresponding estimates OBSERVED CLOUD TOP (kin)
in Fig. 2 for the window band only. The four-
band estimates of cirrus above middle c'ouds
are also somewhat improved. Etimates of F~igm 2. Ob6ewed c.oud top6 eompatd to top6
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much cloud mass as any other cabe)j (c) Estimates
PRO9ILITY 'TOTAL LWC 1000 WN for 6 of 9 "cirrus above middle cloud" cases were

250 _________________ either 0.1 or 0.0. Thalie cases of suspiciously
250 high tranimissivity also underestimated cloud

altitude as discussed earlier.

3.2 Cloud Mass and ThIcknev from ZR

200- 0 and Visible Measurements

50%~ Figure (3) relates total cloud mass,
the integral of cloud mass density iver all alti-
tudes, to visible and ZR satelli measurements

to taken by the Scanning Radiometerh. The scale of
150- normalized visible measureme.atp ranges from 50 to

W 254, and in directly proporti -1 to luminance in
N foot lam-bert. (Conlan, 1973). infrared measure-

4 cents (ZR) are given as degxees Kelvin over a
U range of 200 to 300. The visible, ZR, and cloud

100- 5%mass data are all averaged over a horizontal
scale of about 70070 km. F4 gure 3 demonstrates
that simultaneous measurements were obtained for

I a considerable range of both satellite and air-
I craft data. The data in Fig. (3) were preserted

50- earlier by Bunting and Conover (1976 b), the
satellite measurements have not changed, but esti-

200 20 20 26 280 300 mates of cloud mass have been edited and improved,
200 220 EATR 24 20 80 0 and one case has been added.

The curves or. Figure (3) are solu-
Figm 4.Theptoa~iy Va to clud a~a tions of the Zollowing equation:

exceed6 1000 gm-2, baed on: appt- LWC . J 278 0  + 84510 ()
tion o6 a modeL by GVgo/Ltea (1916) (ZR - 125.6) +(285.1 N ~)
to the data bi Fig. (3).

112



where 1 is the mean normalized brightness from is scattered out the sides of the clouds and more
the visible measurements, TR is the mean ten- sunlight out the top.
perature observed by satellite in degrees
Kelvin, and INC is total ice and water clouvl 5. FUTURE WoRK
mass in gm- 2 . The constants were determird by
first linearizing both IR and visible mea.ure- There is room for improvement in
fonts separately with respect to LWC and :hen several areas. First of all, models for normali-
applyirg multiple regression to the linearized zation of reflected sunlight to standard viewing
quantities. The standard errcor of estimate for geometry are expected to improve in the near
the 38 cases is 327 gm-2, and the correi.-ion future as results become available from the Earth
coefficient is 0.77. When predictions of total Radiation Budget Experiment on the Nimbus 6
water content are less than zero they are satellite. Second, methods of estimating average
arbitrarily increased to zero. cloud mass density over areas from aircraft,

radars, and lidars are also expected to undergo
A probability model by Gringorten gradual iwprovement. Third, our own data bank

(1976) was applied to the data in Fig. (3), in is being expanded to include cases of heavier
order to establish the probabilities for which weather in convective system. The highest cases
a Zhreshold of cloud mass would be axceeded as of cloud mass were 2000 g-2. Considerably
a function of cloud temperature and brightness, higher values for total cloud mass are expected in
Figure (4) has the results for a cloud mass the tropics, or in temperate latitudes in summer.
threshold of 1000 gm-. Data published here were recorded in stratifo.s

cloud systems during winter and spri.g. Finally,
An observation of cloud thickness areas with snow cover may appear sufficiently

is available for each observation of cloud mass. bright in the visible, and cold in the IR to be
The total cloud thickness is plotted in Fig. (5) misinterpreted as areas of cloud cover. These
in rolation to cloud temperature and brightness. "false alarm" can be reduced by converting ten-
The total cloud thickness is simply the sum of perature to altdtude ann using a new regression
geometric thicknesses of all cloud layers. The estimate for LW. Ratios of narrow band measure-
lines in Fig. (5) are solutions of the equation: ments of reflected sunlight at .76, 1.6, and 2.1

us may not only correct this snow problem for
A H - -0.1025 'N + 0.0310 % + 25.73 (3) future satallite instruments, but also dist-.iguish

among ice clouds, water clouds, and snow

where A H is total cloud thickness in ka, and R (Alishouse, 1976).

and I are defined as for equation (2). When TV Sun-syichronous passes by satellites
and B were linearized with respect to A H, the provide data at a given location only twice perresu1ting quantities were not significantly bet- prvddaatagielotonnytwcpr

dayi however, there is no reason why the technique
tar predictors of A H; therefore, multiple discussed in this paper could not be applied to
regreasion on the ordinary variables is given geostationary satellites thereby permitting
as equation (3). The standard error of estimate hourly estimates of LWC.
for the 38 cases is 1.6 km, and the correlation
coefficient is 0.86. When predictions of totil 6. ACIOIZITS
cloud thickness are less than zero they are
arbitrarily increased to zero. The authir is indebted to Mr. John

Conover of the Satellite Meteorology Branch, AFOL,
The bsevatins f Fiure (3)and for analysis of satellite and air, raft data and

(5) clearly confirm a very simple physical for :anny helpful discussions.

hypothesis: clouds which appear coldest in the

IR and brightest in the visible have the great- 7. REFEMICZS
est total mass and vertical thickness. This
paper tests the hypothesis over a wide range Alishouse, J. C., 3.976: Some results from a Sky-
of cloud conditions and satellite measurements. lab cloud physical properties investigation.Morelar cloud phyica propertresfinxesostationo
moreover, there are a number of ex post facto Proceedings of the International Conference on
reasons for such results: (a) For clouds Cloud Physics, boulder, CO, 405-406.
opaque to IR, warm clovd temperatures correspond
to low cloud tops, and statistically to low Bunting, J. T. and J. H. Conover, 1974: Progress
cloud mass and thickness; (b) For clouds semi- on derivation of cloud water content frn
traisparent to IR, warm observed cloud tenpera- onteitio of te onfo

satellites. Proceedings of the 6th Conf. on
turns do not correspond to low cloud tops but
do correspond by observation and theory to low A07.

cloud mass and t),lckness; (c) Foi arbitrarily

fixed particle siso distributions, calculations _______ , and .7. H. Conover, 1976 ': The Use
for the reflection of su-light predict that the of Satellite Data to Map Exnessive Cloud Ma.
brighter the cloud, the greater the cloud mass

and thickness; (d) Sunlight is expected to be
less attenuated by atsospheric scattering and , and J. H. Conover,' 1976 b: Esti-absorption in the path from the sun to cloud to mates from satellites of total ice and water
satellite when the cloud has great thickness content of clouds. Proceedings of the Inter-
Pnd mans, so that these clouds should appear national Conference on Cloud Physics, Boulder,
bright; (a) Convective clouds tend to grow CO, 407-412.
wider as they grow thicker, so that less st.nlight
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have been comnpared to simiultaneous cloud measuremeots h aircraft underflights

A (,I'& ef eoiud cotiljtiofl. including nimbostratus, stratocumulus aind ifcirrus
have been sunio.2 u'vei' mid-latitudes of the USA dluring winter, and spring months
and analyze-d Vit1 th( infrared (111) and visible measurements from NOAN
satellites. Itudi,-.icf's at 12-15 pm measured by Vertical Temperature Profile
Riadiometer (MTIR) instruments are combined with known temperature profiles
in order to estimate cloud altitude and infrared (IR1) transmissivity. Broadband
visible and IR vindow mneasuremients taken by the Scanning Radiometers on
board the same satellite .s are empirically related to total cloud thickness and
mas s, KEYWC)HI)S: Sate'llite infrared mecasuremnets, Satellite visible
rne(asu m ents, Cloud mass liquid water content, Cloud altitudes, Hydrometeor
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